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Tho Irequuney and revority of damnge to nasted alrships ouused by kltlng
requires that un offuctive mearns of prevention be soughl cut, Anslyusis
ol tne provlem royuirss uoourate knowledge of the Airship mass and
asrodynamio characteriotion as well as A realistio knowledge of oritical
wind gustiness, Dus nxramrily to insufriclent und inmocurate date,
eptublishment of thete necessary purameters aovurately has besn ut brat
rathar diffioult,

With the nim of aoguiring vetter knowled;e, two exparimentul lnvestigatlons
wero oonduoted in the General Usvelopment Corporation towing tank, In

the [iruty, the stendy norodynamic forces and moments noting on a model of
n kiting nirship wore nousured, In the sesocnd the motiona of a masted
airuohip model, vhen reloused from predetermined angles of yaw and pitoh,
ware raecorded ng n funation of time,

It ie the purposo of thls report, in fulfillment of Contruwot No, NOw A0 240C,
to nnalyen thonu dntn so that gpeoifio recommondntions woncerniug oficotive
moans and technijues for the preventation cf dumspe due to kiting may te
mde,
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To establish the necessary parameters by which the problem of damapge due
to kiting of a mestod airship may be analyzed, date resulting from two
exporimental iuvesilpations utilizing eirship models were anclyzed, As

a result both the aercdynamic and the aerodynamic dempiny chearacteristics
of & kiting oirship were determined with sufficient accurscy to permit a
rathematicnl description of the motions of e kiting airship,

The feasibl: reans by which a reduction of the likelihood of dormaze due
to kiting; were reviswed, Having considered each of thesc schemes, the most
sromising single solution appeared in the employment of a weight attached
0 .8 stern handling lines of the airship, Then, the equatiocns of riotion
were written end solved on the :GEDA electric analogue cofffuter for an
airship configured with weights fixed to the airship sterrn, From the !
resulting sclutions it was concluded that although ‘his anti-kiter decign did
reduce kiting appreciadbly, learge and impractical weights were required
to reduce contuct vclocities to acceptable values, To remedy this, a
redesign of the anti-kiter attachment system which keeps the anti-kiting
unit close to the ground was studied, With this modification, both the
kiting and the contact velocities were reduced appreciably at all wind
speeds with practical anti-kiter weights, Consequently, it vias recommenced
that an enti-kiting unit with the suggested design changec <o the attachment
system be employed to roduce the likelihood of damage due to kiting of

- wasted airships,
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Jeomtric
n - distance from the bow t5 the csmter of buoyanoy (It)
uy - disturco from the model Low uttachment point to the
conter of buoyaney (f+4)

8, - distance from the model stern attachment point to the
” center of buoyanecy (f4t)

b - distaroe from the bow to the lnnding gesrs (ft)

o - distance from the bow to the stern handling lines (ft)

d - Jistaree from Lhe bow to the dynamic venter (rt)

h - alowtion nhove tha pround (ft)

hy, - nethcertric haipht (ft)

k - reodlwn of syration sbout the bow (f£t)
¥ - dlep luced volume (l‘ts)
it - dutance nlong x - x axis
Y - distnnoe alony; the y = y axis
- distance alonp the N = M axis
Angular
& - kiting nn;ls (rad)
® - kitiup velonity (rad/sec)
) - kiting wecelorntion (rad/no?)
8, - statio trir ansle (rad)
61 " initinl modul kiting releass angle (rad or degrees)
L4 - ysw nngle (rad)
\P - yawing volooity (red/sec)
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Anrular (continued)

Q‘: - yAwing sccelarution (rad/sen’)

¥ - initial model yaw relvass angle (rad or degieesn)
y - wind shif't angle (rad)

.‘:{ - wind shift valoouty (rad/sec)

!;_ - equivalent sudden wind shif't (rad or degrees)

¢ - roll angle (red)

de - alavator deflevtion (degrees) (wepositive)

w - wipular veloolty (rad/mec)

Mooring Louds

My - axinl maut reagtion (1b )

My - tranavaras mapt resotion (1d )

M. - vertioal mast reaotion (1b )

p - anti-kiter attmohment line loads (1lv )
R - wheel remction (1b )

Ry thru Rg = water model balanoe system remctions (3v)

X - axinl force (b )
i - tranaverse foros {lb )
Z - vertioal force (l1b)
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Aerodyrumio [aroes, morents and coceffioients (continued)

M - kit ing moment (Lt=1b)

N =  yawing moment (ftelb)

¥ - sonal rforce (1b)

Cx - axinl forov coefficient (C, = zE/q ‘42/3)

Cy - trans verss force cosf{lulent (Cy " Y/Qq 32/3)

Cy - vertical force coefficient (Cp = z’/zq 3’2/3)
| c, ~  kiting momemt cosffioient (C, = ‘Vzq ¥)
| Cp, - yewing moment coefficient (Cp = 2q ¥)
| Cp - toral force coefficient (Cp %—;!y )
i

¥iccelianeous

t - timm (6ed)

r - time rutio

7\ - length rotlo

¢ - aoceleration dus to gravity (ft/uua)

@ - density of immersion fiuid (g se0°/044)

T - fluid density ratio

Vang - prevailing wind speed measured at 200 £+ elevation (knota)

Vou - pravailing wind speed wasured nt 75 ft elevation (knots)
v «  model towing speed (ft/sec)
q = dynamio pressure (1b/f42)

i - vertionl component of ocontnot velooity (ft/mec)

transverse oomponent of conlact veloocity (£4/s00)
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LIST OF SYMBOLS - continued

Misocellaneous ~ oountinued

w - buplo equilibrium design gross weight (lba)

L - airship heaviness (1b)

1 - mass moment of igertil avut the mooring attachment
point (ltwlbeseq®)

Cy - moment of inertia coefficient (C; = I/(® ;/3)

AKM - anti kiting moment (ft 1b)

K - correction feotor

M nheolule visomlly (1b teo/It2)

GEDA Compuler Symbols

W — Reeistor

———-I |- c= Capacitor
— — Operatioral Amplifier
(Yo Fesd Back Componoent)

__-D__ Sign Chanpe

__(") Coofficiant Potentiomoter
- {Bottom of Pot, Grounded)

Voltnge uivider
(Both Ende of Pol Open)

-— Limiter
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The KLt ing Phenomenon

An s irship moored ut the Low and free to swing about the mat is highly
ctable and will point directly into any steady wind, Any shifting of
the prevailing wind cete up a yaw anls which produces aerodymmic
foroes whioch onuse the e irahip to weatharvane and tends to kite the
nipnhip ws well, If the wind shift 1o clow enough, the airchip will
wenthar vano wilhout appreciable lag, and kiting will not ococow, It is
only when the wind shifte e4 a rnte muoh faster than the alrship is able
to follow that kiting occonurs,

1f the nmxirum yaw angle expariencoed is less than one hundred thirty
de1'oed, the kiting ongle, kiting voluwity, yawing veloolty, metsocentric
noment, and ctntle henviness produce anti«kiting muments whioh oppose
the kitinr 'ondency bie to yaw und limit the maximum kiting angle,

Then as the ynw mu:ls is roduced by wenthervaning these anti-kiting
moments, dumpoad only by the rorent lus Lo Lhe negative kiting velooltiss,
force the a lr:hidp Lo the | rowd,

If the muximum ysw nngle ex orlenced is rore than one hundred thirty
desresy ( o tulletowwind condition) tha kiting tendency due to yaw i
uupmented by v kiting tondenvy <ua to the kiting angle oausing the
uirshlp to kite to lorier unclss limited only by demping, metacentrie
and heaviress romentos, Ther, onve the air:hip hes weatharvaned sub=
stantially into the wind it is apgnin forced to the ground,

If the w ind shifts and velocitian are sevare enough, high vertiocsl

and trate verss Impaut velocities may result on oontuot with the ground,
The kinetic snerpy Moocompanying these impact veloolties muat be absorbed
by the landing ear and its supportlng structure, When the ultvimate
capholty of the landing par is excesdsd, kiting damapge is inourred,

The Prevention of Kitings Dampe

In the interest of preventing kiting dawpre, the following slternutives
snpear feasible;

1, Application of an wnti<kiting moment of a magnitude suffioient to
either prevent kitin; complotely or at least to limit its magnitude
to tolerable vulues for all weather oconditions in which the sirship

i8 sxpevted to be moored, Bome of the means by whioh this my be
attempted are)

() lnoresas the atatic hsuviness by adding bBallast to the ocer,
(b) Attach a welght to the starn handling lines leuvinus the airship

free to wenthervane by rulling on the ground until the airship
kites,
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(¢} Apply up elevntor vontrol
(d) Trim the airship tuilehonvy with ballonet,

2, After a kiting peuk i3 resched reduce vsrticsl impaot velooitiea
by defleoting the elevntor cortrol down,

34 Incresase the loud cupacity of the landing pgesr and its supporting
struture to withatand all improt loads whioh might be expsrisnced,

4, Moor the airship to & high mesat,

The anti=kiting roment applied by adding bullast to the ocar is limited
te aomething les: thun the decipn load copscity of the landing pear,
Should kiting vocur, statio heaviness will reduce the maximum kilting
argleu sxpsrienced, howsvar, onoe a kiting peak is reached, it serves
only to agcel asts the mirship towards the ground,

At compared to vtntin henvinegs, a we'ght attached to the stern handling
lines represents an improved antiekiting system, First, because the
weight which can be ndded is limited only by the strength of the handling
1ines aad thedir nttachment peinte, If necesssry, these lines may be
strengvhened without incurring & large weight penmlty, B8econd, because
w walpht wttaohed to the stern lines han nearly half again as much
leverare s does ballnst pluced in the car and third, should the airship
kits, on imprat the atarn weight will contmot the ground shortly
bafors the landing ear, Consequently, tne ensrgy due to motion of ite
muss would not be absarbed by the airship landing gear,

In winds greater than 2. knous, proper use of the elevator controls

onn be quite effevtive both to prevent or limit kiting and to reduce
impaot veloodtiss should kiting ocour, By defleoting the elevator full
up) kiting oon be deltyed and reduced, However, in high winds, in order
not to irpone lorge austaimed londs on the landing gear, the elevatoer
control should not be daflected full up until the airship sotually
kites, Then, after the maximum kiting angle is attained,by deflacting
the elevator full down, the impmot veloolty on contact with the ground
oall be reduced, A3 & result of thess considerations, it oan be oonel uded
1hat effective use of the slevator controls requires that they should

be malpulated eithe manus lly or automationlly during kiting, Limited
by their ineffectiveness in winds of low intensity, however, the elevator
oontol is not suffiocilent in itself to prevet kiting dampge, Instead,
“% should be oconsidered w most valuable ald,
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The anti-kiting moment cbtained by trimming the airship tail heavy is
small, Somewhat similar to the effect of static hesaviness, it will
reduce the maximum kiting angles, however, after a kiting peak is
reached, the tail hoavy trim condi‘clon accelerates the airship towards
the ground,

Although, kiting damage can be eliminated with certainty by increasing

the load capacity of thes landing gear, the added weight consequental

with this modification would detract noticeably from the performance

of the airship in fligh+, The weipht penalty may be reduced somewhat

by the installation of ean auxiliary landing gear which can be removed
. for flight, ‘

The aerodynamlc for ces which cause the alrshlp to kite in shifting winds
sre due basically to ground interference effects, Consequently, by
mooring the airship to a high mast, kiting tendencies may be réduged

if not eliminated, The kiting which does occur while moored high,
rmoreover, is less likely to result in damage, However, the present
utility and mobility of the low mast must be retained, Thereiore, a
mast of new design (convertible from a low to a high mast) would be
necessary,

C. Dynamies of a Kiting Airship

The masted airship ‘has freedon to roll, to kite, and to weathérvane,
Neglecting any coupllrg effects of roll, the mooring loads, the kiting,
and the weathervaning motions may be describsd by the following
-generalizsd simultarsous differential equations:
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- d 'av )= M, <
érﬁ ')5'5 ” (\P) 200 w\(i' V)*fvu 0 (-)+ =% 335 (6)+ r,a( )=My =0 ”.(2)
- 4+ 22 92 sy.i)a 22
KR ( “H)(e ‘IGH 5(0)* 3L 6 ) 5 LW+ S (YY)
- P + R MZ =0 ' (3)
‘DN VoY . DN a1 ON /ol
iM“-- 1 J6) é‘;"(e}* 36 (o S5 el 25 ,,)(z w) w-w)(r-r) PG s 6
-Wh, SIN(6-8,)= D . (5)

If the airshi» is kiting R = O; if noty R >0 and @=9=G =~ O,
The inertia and the aerodynamic characteristics may be cxpressed in
terns of non-dimensional coefficients which are indspendent of dis-
placed volure, wind speed, and fluild density as follows:

Iy - Cs P ” ¥95
Iy =Ty cose+I,xle 9~ (,}?- 05*0+Crpy 58 ¥ CzW(’v‘
fg""”):cx";évf__ 3':?_ v)'C* oy -aa—(g—_-@:c,d}ewv‘ | g(;d 7 'anfvv 3% "’)i,cﬁf_)?f_
Agig—ucxéw# 3aeY =C, 2r¥ a—%—:czéev%'aa; -CMQ”W%QQ Cug €V
R o A T AT S a%%*ﬂf”g i
; ;); :Cx,,ﬁr‘*v‘% aog =Gy, fa %3—:(:?9@3#% 32 ‘CM9 ON(_ ely
02 i, ev| 20 -c,;c;wm
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Substituting these values into eguations (1) thru (5) und dividing thru
Ly the momente cf inertim we have,

- fewsti8) e Tl R I BT
. WA e vt ] Peeosd IN(B= )
- é-o-[cn‘é*Cm*(‘f*'?)][m'@.}f[(:mﬁ+Cm7(§"‘9+Cm&&] [W“:;]'m'; ‘WO

My & ‘*P""{[Cw'(i" ‘v/‘ﬂjxgéﬂw"" *[C,,(;d-'!')*c,,cﬂvj‘} (0)

My C¥daCe,., ' T Crglib) L Bl W +(Cry( oY)+ Cyy 6|V (9)
¥y R | |

Pigs C’W{' Copy T é+[c,¢( L ln é]w“‘+[C.,( £+l 6 *C"‘S‘] "
R-Pess e

With acournte knowledgs d'themsss and aarodynamic oharacteristios, solution
of these simultansous differentinl equations ylelds a time history of

the motion, anpular velooities, and anpular acoelerations experienced

by & mast moored airunip for celooted kiting conditions, From these

time historiss, then, the vertical and transverse ocomponents of contach
velooity may be obsorved for sny anti-kiting scheme being coneidered,

2t SNaSC AeUNSIEE vmT

Froz o




"

raevanty Vel oNy

CHECRED |

__JMWB,
mare __ MNay 1, 1961

ALy DATE

et ettt et nn e

GOOOYEAR ARCRAFT CORRORATION
Ml 0

18

MOREL - R
oA~ 100R2 —
coot _ RREOO.

I AMLYSIS

A, tipomotrio & luortin Cluraotoristics

Thy mudel used to meuuure the force und moment ocooffioients reportved in
referunge 1, the model uved %o meusuro the motions of o kiting airship
mousl ao reported in roforunce 2, wnd the 2PG=2/2W/M nirships have the
following pertiiont mess and gpoomotric uharacteriztioes,

Charogtoristios| 1/75 Scale ZPlel 1/15 Soule ZPNwd 2PG2/2W | ZPUuW
Water Model{Ref,1)}i Water Nodel(Ref,2)
" 2,03 2,14 157.9 185,6
u 5 07 T “ -
a, 2,50 - - -
b - - 150,0 187,0
0 - - 290,0 344,0
d - 2,20 162 193
By, .- B 0 29,0 26,3
Iy “ 42,76 143 x 108|300 x 209
b T eI Pl g
sinﬂamé
] - 1505 64,000 112,000 !
X 2,34 176,85 207

A S S-Sl
- S, SAnEEeE v-av
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B, Asrodyramio Characteristios of a Kiting AMrship

The notion of w kiting airship is osused by moments prodused by aerodynamio
prevaws farced acling on 44, BSlnco the kiting alrship is frss to yow, to
kite, and to roll, knowlsd;: of the ohanges whioh talte place in these moments
%3 & funolion of each degree nf freedom in necessary, An experimental ine
vastigution of the nerodynsmio charmcteristios of & kiting airship was
conducted in the Gonaral Development Carporation towing basin using s 1/75th
soale model of the ZPNel nirahip, Tosts were run &t yaw mngles ranging

from O bo 160 degrees and at pitch anplea ranging fram O to 60 degrees with
the elevator net neutral, 5, snd 15 degrees up, The resulting datn axpressed
in the form of cnloulated forcs and moment coefficients viere reported in
rufercave 1, A sohoma:ie dingrem of tho model toot set up is shown telawy
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The axial foroe coolficlent, C,a »6‘{‘7"5 = g&%—g& (11)
The transverse forve cosfficient, Cy» F—x';';g ;ﬂ.‘rﬂﬁ (12)

The vertical t'orce coafficlant, C‘"ﬁl}m ﬁ%&‘ﬁm— {(13)
The kiting moment coelfiolent, Lp~ E‘\Hﬁ H& {14)
The weutlorvaning moment coefficient Cy= ?-N:V %“jﬂ (15)

The lorce and momsnt ccelficienta reported in reference 1l are ivon in terms
of aoelflcients at the canter cf buoyancy ocaloulated me follows:

The cross lorae cosff'icient, GJ"3 pryvs (18)

The 1ift cosffolant) Cp.e -{L;“. (17)

The rolling moment coaffiolant, C,e F (1€)

Tie pitehing soment coeifiolenty Cpnv 'B‘-;“;-_B‘E"' {19)
= fa L

The yaviing moment coeifioiant, Cp» M—' (20)

Solving these equutions for Ry, RQ, and R, and subsbtitubting theza volues

inve equations (11) thru (2 ) forces drd moments at the bow araey
OF 3y v (21)
C= 3 (22)
G -cf ¢ g%—%? (23)
a2 f;(—;‘a; ¢y -q,,,)(%}i—{) 156 Cp A75Co (24)

Gy -ﬁr[%'v; Cy = GuCy SIN @}[2.:::] 158y ATB(em -Gy SINS) (25)
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Ne L ther RS nor ocefficleits bnsed on Rg were reported in refurence 1,
Therefore” numerical velues of Cx and Cy vannot be eatablished from these
data, Utllleing the data reported in reference 1, numeriocal caloulations

of equationa 22, 24, and 25 wers made, The resulta “ere plotted va the yaw
angle at constant pitch angles, then ormssplotted, Both the plots and oross
plots were faired smooth and orderly to minimize the affects of test inace
ouracies, The reaulting curves are plutted on flgwe 1 and 2, With kiting
restrained (8 = 0), the kiting momont cocefficients ere positive at all yaw
sngles, With Y« O, the kiting moments are negative f{or the eantire range

of piteh angles testad, As the yaw ungle increnses, the negative kiting
mements due to pituh deorease becoming ero at V= 133° then beooms positive
at the hipher yaw cngles, The weathervaning moment coefficients are always
peditive proving that an airship moored at the bow is highly stable and will
point airectly into any steady wind,

The model was towed at a spesd of 1,75 £t/sec &t all yaw angles except VY= 90°
whero the towing veloolty was 1,18 ft/sec, The Reynolds numbsrs associated
with thesv test ronditions were nearly identical with Reynolds Numbers
developed while teatingz the 1/75 tonle dynamio nirship model, However, the
poasibility of extrapolating thene results to thi Reynolds Numbers of an
airship moored in high winde mus% be investigated, As most of the tests
wore ruce nt only one towing speed, a direot extrapolation is not poasible,
Howevor, Ly examining the natwre of the [low, (.. 4ny oritiocal changes
throughout the ranre of Reynolds Numbers Involved, we may determine the
maximum wind speeds for whigh thesu dute are applioable,

We may consider the flow pattern over the airship as divided into a flow
nattern due to flow along the longiludinal axis and ons dus to flow trans-
verse to lonzitudinal axis, The flow putiern due %o flow along the
longitudinal axis 18 similar to the flow patterns axperienced during esirship
take~of{ rune and landing roll outz, Analysis of drag coefficients during
these moneuvers indioate that thers are no marked transitions in the flow
pattern over the renge of Reynolds Numbere being oonsidersd, The flow pattern
dus to flew transverae toc the longitudinel axis is similar to the flow patter
of olroular oylinders in normel flow, Two stable types of flow over circular
seotions may ocour with the trunsitlion voouring at leynolds Numbers between
400,000 and 500,000 based on the oross asstion diameter, The maximum model
Reynoclds Number Lased on the maximum oross seotional dimmeter was only
120,000 which is lecs thou oriilcal, Zesed on tho maximum cross sectional
diameter of w.e airship, the transverse flow heooues supororitioal at wind
speeds of approximately one«half knot, Therefors, the flow over the model
will not, in general, be similar to the flow over an airship, and the
numerival values of the t'orce and moment coefficiente may Yo somewhat in
error at yaw angles, near $0%, As ths flow pattrrn dus o the tranavergs
ocmpenenis of the wind velocity at or above oritiosnl Reynolds Numbers is
oharacterized by delayed separation with an associasted drag redaction as
compured o the flow patterus at lesa than critioal Reynolds Numbers, it ia
sxpected that the foroe and moment coefficlents at yaw angles near 50° will
be somewhat less than those shown on Figures 1 and 2,
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¢. Aerodynamio Damping Cheracteristios of a Kiting Alrship

To simvlate the motion of a kitiag sirship it is roquired that the yaw mnd
kiting sngles of the model be the same ne those of the airship, Where the
srira (1) desirnntes the model ohuracteristics,

we navey 6"9" Gn"egl J W ,#I ’ Iﬂayl
laty x 2z T o (3‘-'-.)73 = I/\

dé . g de' Lo
then: H 2 i—g Z' %— oy or G E
) ! L

;o o Y .

sipdlarly, ¥ = s P, P =1 W oad .

fubstituting these values for 8, ¥, ¢, and their deriwutives with respect
to time into eyuations (&) and (7) und multiplying thru by T wo havey

-Qi'*T(#;N w2 ¥+ ) (2 UL A8

-

e TR
' a(gxl;})( WVJ(S/ . (26)
! LAY ! w il \ it LM t:.l !
-9 ‘(6::'}}( ‘a .’3)(\("- - (é"y )\ ¥ #\ /I (h‘;‘f}(fyr)( ’I/ .r.i-ll\lq / i
- \ 90 "
+ T (_‘ﬁm)( = }\( #) Ta.( PC C.QQQ (‘v‘é:* :'gf..__). (27)

Wreiting these equetions for tho modol, howaver, ws have
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Comparing oquation (26) with (28) and (27) with (29,5 4t follows that for
gimilitude of rotion, the coesfficlents of those difforuntirl oqu-tions must
tove the name velue for the airship und for the model, It is most convonient
to set(AUA ) /L, doviing To ) and Y s A, By tymotry Cppy ® Cpl,

Soon laluing (@000, Gho lrwe of adpilitude arn dafincd bgi i

Sob, Gub, G, Cub, Gup , Sne . Gog o Cav , G fs], [Ge, fn
EPPAPPRPAPPYI Y RPN B8

¢ oy L1 Ny CMQ My e & Cz‘,,.» Tyeip
PC W 4G '
¢ g Lhn .
BT W © A (Cr'a‘ar) _ (3)

The first equation (30) may be satisiicd by simply requiring timt the model
be seometrivally similar, t/mt the Reynolds Mumber effeot be scoountable,and
that the distritution of mase be somewhat clmilay,

As reported in reference 2, the 1/75th sonle whter model of the ZPI=2 airehip
was tested in an inverted position, Consefuently, the effectis of hydro=
statio heaviuess (Wghi), hydrostatic otability (W'h!), statio trim (6 )
and & stern weipht ?E'S ars opposite to that of & model tested in an upright
positior, and to uimulate static henviness by statie lighbness, ctc would
distort the ratiu of thege static effucts to tha maas elfecta, Tharofore,

it wue necessary tmt the model floated in static eguilibrium (Wgi' = 0 and
W1 = W/gad ), that the ocenter of gravity and the cember of buoyinoy
coinoided on the longitudinel sxis ( 6, = O and A, ® 0), and thnt the stern
weight wae removed (P! = 0), The model was moored by & boom extending <5
inchas or spproximately 8% of the model length forward of the bew, By
sssuming an additicnal mess equal to the physioal masn, the virtusl roment

of dnertia coeffioiwnt of the model was;

! EI'
¢ . e
Ip = _'Z"’W' v 5,45 about the bow

f ']
and Cz'(Ci-“,,* él-"vﬁ-) » 7,40 about the mooring point,

For sirilitude, the model should lwve been tested upright, the motuoentrioc
height (h') should tmve been to soale wivh the airehip, the modsl should
have been moored &t the bow, and the virdual mement of inertiw cvelficlent
abowt the bow ehould have besn identiocsl 4o that of the IPN«2 airship

(r 0. G2 e Cry,, LR NH n g 50 ), Beonuse of these dis=
aimilarities, %ﬁo engular motions of the motions of the model wero not the
same a8 the motions of & kiting mirship in static trim and equilibriun,
fo correct fo. these diasimilarities, and Lecause of the need for v method
by which the merit of verious amti-kiting schemes may be uvaluted, making
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the simplifying assumption that the uerodynamic londa are such that they
depend or, the instantanscus position and motion of the alrship and not on
how it displaved iuto that posltion, the deta reported in roference 2 was
used to prediot the mgnitude ¢f ¢l rotary demping oharacteristios in order
that the equation of motion for a kiting airship may be written, modified
to acuount for tha anti~kiting scheme being considersd, than snlved for

the resulant motions as nftectad by weleuled wimuiplmrlo dis barbances}

an explanation followa:

The datm reportud in reference 2 simulatvd the offect of a sudden wind shift

by towing the model at & steady speed, then relensing it from initiml seleoted

an;les of yuw and pitch, and allowing the model to kite and weathervane

freely while these ongulur mctions were recorded, Comparing the nomenclature

used to ovresent the duta with the non)enohturo Ul_,d in tlw 5onor|1.i'nd o

equitions of motion it is seen that¥'s (Y =¥ ), ¥V = (VY =¥), and ¥' =-¥

a5 statad sbove, &' = h' = Pt m 0, Substituting thoue into equations (&)

and (7) the equations of rotion for the model with tho elevutor held neutral
de = 0) reduce %o}

1) ’, V" Lo C‘ DA CI'V'.‘
14 +(§Z“v.—y,)? *(C-MJ‘ v.,,)é *(;',-?ﬁ) #0 (2)

LoNg

1

G - (S (e
e*(%v*)é *(Cn, *)Y ”(cn;w)“’ (33)
and @':o (34)

where; C)‘:r - 7'48’ CN'I " 7.48 00'29' oGl liuae' » u‘ [ 2.31' and
W = .5, 1,0, and 1,6 ft/sec,
The weathervaning and the kiting roment coefficionts (Cy' and Cit) may be

exprossed in terms of the force dote messured uned to oaloulate the force
and moment coeffiolents prosented in reference 1 as follows

! 1%, +ay] Ry +LSNO
C;'Fh'w—?u.. 2 (238)

Cu e #\v .H.)%o"' ’ a,] R

e U"."V' (36)

Y
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By substituting the force and moment coefficients f'or Ry and RB as defined
by oquutions (8) thru (20) we have:

[ ma." a.:.p-a, .
Cu '*‘[(%_‘;5 Ca,- CM>*CA SING E‘:‘E:

v [fieexe . 2714250
G 'é'[( re8’ o C’D*qs'"e](a.ewa.soJ
Cu» LIYCy =546 (CneCy SNG) (51)
Cu's ’v‘%a.' -C . +0g

"TE WY C? i A

N R 2.71+2.50
Cu 'E'[ I.€8" CFCM] &.’é?«a.so}

Ch s 119Cg =, 546 Com (3t)

Mumerical caloulntions of equations (37) and (38) were mde, The results
wore plotted, orossplotted, and faired smooth as shown on figwe 3,

Now, with relsrence to equations (32) and {33), it ia seen that there remaina
four unknown damping coce{ficients Cb@,ch‘c.. , o0l c.:; . dach of theae
non-dimersionnl coeffiolents are funntions of undetermined form and may be
dopotiient on the nonedimensional variables (¥ and & ) or the dimensionless
group of wriables (RN = Cr¥%72ec ), The Reynolds Numbers for these tests
were nearly identioal with ths Reynolds Mumbers developed while mee suring
the static merodynamic vharacteristios, Therefors, in the two differential
equations thers remains in effoot sight unknowna, Solution of these unknown
coeffioients lies in establishing s relationship betwesn the two simultaneocus
differentisl equations (32 & 33) and the motions of the 1/75th soale water
model of n kiting sairship as presented in reflerence 2, Far Any one test,

Fro L o
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an inflnite nurber of solutions exist, The most convenient solutiors, are
ones which are not only slnple Lut ones which satisfy & larpe number of
irdividunl tects as well, Bofure auch solutions cun be eflected, haowaver,
foamilarity with the implicationa of weeigning arbitrary valust to any of the
unknhowny must bo gained « otherwise dgresment with the dnta would be at
beat only & highly ilmproballe vuincidence, Simplicliy was attained Ly
restracting the segigned valuea iirst to zerc; then conatant; then warying
linearly, as & quadratio,as » oubic eto, The moot advantageous procedure
for evulunting these unknown functions liea in arranging the order in which
the data is annlyzed such that the number of variables whioch must be
invootiputed at one time ls reduced by selecting date whioh contained only
ons unknown coeffloient ms a function of one non=dimensiona) variable, This
prooedure wag then repentesd, whare possible, ror euch of the remaining
variables in turn,

The vharsoteristlos, squations (32 und 33), were set up on a GEDA electrio
wuelogue computer whioh is effeotively & dissimilar model of the mechanioal
syytem duplioated in elovtric ourrent, The elements in the computer
eleotrical ocirouitry which simuluted the unknown damping oceffiolents
(Chy,CNg ,Cma, und Cdy ) ware set up such that the values of these
coefflcients were resdily ndjustoble, Then, duta was selooted in whioh

the model weatharvened but did not kite substantially, (Referance 2,
Appendix Volume [I, page L2; and Appendix Volume III, pages 71, 111, and 116),

Thus g's &'s & 20 and equatiur 32 rsduces to;
Bl Cvg W o o Ul
¥'e C—'L_.., i Yy *Cn',-b"w. =0 (39)

i !,
This differentinl equation centaining one unknewn coefficient Cwy f( v)
way solved for ' using the OLDA electric analogue computer equipped with
an (X«¥) plottes for arbitrary constant valuss of Cuy A(¥) and compared
with the data for each of these tests, An example of this procodure ie
shown by the comparison of the dauta with the GIDA traces me plotted on
figure 4,

With reference to the upper plot on figure 4, it is seen thit yaw angle '
coloulated with Cwy 2 (W) = 4 satisfies the datw quite well at the higher
yaw angles, but at the lower yaw anglesc the damping was neerly Jriﬁ.oll.
Bubesguently, tridl wnd arror svolutions were made with Cwy f( ) vearying
betwen:. 4 and & with ‘chn the %rut, second, ond third degres, From this
1t was oonoluded that .t‘ ?( var led with (¥') o approximately the
third degree as showi. y the ocenter plot on figure 4, An exanple of the
agouracy with vhieh this funotion satisafied the dote is shown on the lower
rlot o fipure 4,

Wn O @« §'s0 equation 33 reducen toy
el !
Cuy f( ) = W (40)
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Thenr, usirp the functions just derived to determins ‘// as & funotion of
timo, the GEDA electric mnalofus computer wio set up to make diresot solutions
of aqpu-tlons (40) for initial yww nnples which did not produce substuntiel
kiting, The results are shown on the upper plot of figure 5, When « model
woe relonsed from an initial yaw angls, time was reguired for the model %o
| norelernte to a finite mnpular velooity; thus, when W‘ . 5" ) 'z' = Q.
S$imilarly when tho weathervanlng notion veasad " w0 agalu, Nuw, with
reforence to equ:tion (40), 1t is seen that CapP(¥) becomes indeterminate
st Y o= and ¥ = O as shown on the upper plot of figure 5, As the
dumpirr'u; derivutive Cuy rmust be a periodic funotion of ¥ with a pariod
of 2 rudinns, the aolutions were corrected in the indeterminate regions
and fulred ac shown on the lower plot of fipfure 5,

Next, Anta waue asleated in whioh the modal was relacued from initial kiting
angles at zero yaw (Reference 2, sppendix Volume II pages 25 and 26,
wppendix volume 1II pages () and 90, and sppendix VYolume IV pages 1 and 3),
Thus ¢’ = 3"- #'% 0 and equation 33 reduces toy

gL L g, el
6 d.—i—acmé =i O+ ) * O (43)

Then, the GEUA slectric analojue computer was cet up to 2clve this equution
for @' (which wns ‘.;Bnervod on the (X=Y) plotter) for arbitrary vonstunt
values of Cué ((8') and compared with the data for ench of thave tents,
As a result 4% was consluded that Cg £ (8') ¥ 4, The avouragy with

whioh this nurerical wmlue osutisfied the data Ls shown on ligure 6,

/ ]
fext using the derived values of Cwyg (%), Cmy FC¥)  ana Cug F(8)
the OLDA electric anmloguu oomputer was sst up to solve equations (f) and
(33), for both ¥ and for an sdditornl sgventy two data plots with all
oonblnations of yaw angles inoluding We = 30, 60, 90, 120, 150, and 175
deprees; initisl pitoh anrles of & w 0, 10, 15, and 20 degrees and at
model tewing speeds of v = .5, 1,0, and 1,6 ft/aec, With s PLY)
and Chg P(¥, #)  set aqual to zero, trisl and error sdjustments of
Cuy and G4 were rade until agreement was aohieved between the
corputer solutiers and the duta for esch of the 72 model test runs analysed, |
As a re1ilt, it way ounoluded that Cwp #(¥) = 0, that Cng pie, ) =o ;
and sat Cmp f( 8) whs approximately linear with the g ¢pe dependent }
on # a8 shown by the family of curves for Gwy (W,Og plotted on
figure 7, The soouragy with whioh thess coefficients predicted the messured
motions of the modsl are shewn on figure 8, In general, the ajresment is
good, tut the particulsr runswhich are not satisfied, do indicate that
srror is presentesither in the numerioal values assigned to the damping
cosfficients or in the test data itself,

4B Sup Sp-gutw
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An spproximete correction (K) for Lhie dissimilurity imposed by the boom
extendinp forward from the vow was applied to these rotary dumping
cosffioisnty by oumparing the integrated moments dus to sonal forces (F)
over the length of the model for pure rotutlon about the bow and for
rotation about the boom mooring point, PFor an angular veloeity (w ),
the ratio of moments due to zonml foroes for roteticn about the bow as
aompared to rotatlicn nbout tne boom mooring point imy

Ka LzdF . ["rc‘“'%"ﬁ
[orra)dF - [ea@aot(xral)ydx

Now, by mssuming & vonstent cectionm) lorce coeflficisnt (CF) this expression
reduces toi

fan 2oy
Ke (42)

S xaia)y o

Fal)

The planform of the rmode} with t he {ins rotated 45° is shown on figure §
and both ?X y) end (X *+ a)3y]are plotted ve X on figure 9 aleo,
By graphioal integration of thede plots it was determined that X = 69,
Then, this oorrection was applisd to the rotary damping coefficients as
previcusly derived and plotted on figure 10, It is believed that these
coeffivients are direoctly applivable to both the ZPG«2 and the ZPGs3
airshipe, .

.




PALPANKD JoD ¥,

Y OAYE e e codt SN0

cments ___JaNoB, COODYIAR ARGRAT CORRATION ...u"‘!?'"m'-"ﬂ%sw - |

Ty 1, 1081 aen- L0052

A - —
. pE— RO .-

D, Anti-Kitin: Study

Substituting the erecdynamio and serodynsmic damping ovelficients plotted
on fipures 1 and 10 along with the sppropriste mass and geometrio Sharacts
sristios into equutions 4 and 5, eyualluus sufficiently sgourate to
describe the angulor response of & mast mocred airship to shifting winds
are cgtablished,

The motione of & mast meored airship are dependeny not enly on its mess
and serodynmamie properties but on the nature of the shifting winds as well,
If the winde shift slowly, the airship weathervanea without appreciadle

lag and kiting tendenclies remain smell, 8imilarly, the yaw angles produced
by high frequency shifting of the winds to both port and starbosrd will

not cause kitingefirst beonuse time is required to build up the serodynamic
forces and sscond becnuse the insrtde of the airship must be overcome bvelore
kiting nutually tukes place, It is only when the winds shift much faster
then the airship is able to followund than day in tnie new direction that
kiting occurs, There is, at the present time 8 asericus lack of knowledge
gonoerning both the mepnitude and cheracter of wind shifts which must be
santicipated while the marship ie moored in winds of warying intensities,

To permit ¢ study of the motions of & kiting airship for s elsoted kiting
sondition from which the relative merits of various anti-kiter dasigne
may be compared, somewhat similar to the conaept of the “effective sharps
edged pust® used to defina in-flirht ust load oriteria, the conoept of
an "equivaleant sudden wind shif+4™ is introduced, The egquivslent sudden
wind shift ia a theorstiocnl wind shift whioh is assumed to strike the
airship instentanecusly over its whole length st the original wind speed,

Aotually, it i¢ impossible for the wind to shift suddenly, Absolute

sudden chan;es in wind velooity or direotion simply do not coour in the

free atmosphers, There is always a finite interveal of time required for

the shifted wind to sweep ;raduslly over the airship, In regard %o the
mignitude of shifting windu, it is obvious that & prevailing wind of high
velocity sannot strike the airship brondside or from the stern, On the

other hand when the wind is near ocalm e breese may spring quite suddenly

from any direction, Consequently, it appears reasonsable that some atatistical
relationship exists hetwaen the equivalent sudden wind shift, the uversge
wind speed, and the nature of the wobunl wind shifts whish do ooour, Realistic
knuwledge oonoerning this relationship is of firet irportance in determining
the specific requirements lor an effective antiukiting device,

One of the Amportant variables affecting the mution of & mast moored airship
is the gradient of wind velooity with elevation (A ) above the ground, This
velooity pradient depends largely on the local terrain and the prevailing
webther conditions, The caloulated foroce end msment coefficients reported
in reference 1 and the motions of & kiting airvaip medel reported hrelerence
2 were based onarelative velooity mensured 2+2/3 £t below the pround board
with a velcoity pradient approximately proportional to the 1/7 pover of the
distance below the ground board, This is equivalent to & wind speed menuured
at & full soale slevation of 200 f't with & wind velooity propertiomal %o
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the 1/7 power of ths slevation, In the fiv.d it is not praotical o measure
the wind speed at 200 't elsvations; therelors, the wind speeds upon which
the anti-kiting study waos bazed wers corrected for n wind apeed mensured

wt & median helght of merclogy memsuring stetions (approximntely 75 I't)

for an assumed 1/ power velooity gradient, That day S

Y1 | - aat
Vog (—ﬁc) Vaoo 889 Vpee - B)

To study the influence of anti«kiter design as tested on the ZPM«4 airship
and desoribed in reference 3, sclutions of these equations, medified ¢o
sccount for the characterimtics of this antimkiting devioq were mede fox the
ZP0«IW alrship on the GEDA electric analogue somputer fer combinmtions of
wind spoeds from O to 70 knots, step funotion input wind shifts from O to
180 degresa, and for applied antiekitiny moments ss may be imposed by the
antiekiter or static heuviness from 0 to the antie«kiting moment necessary

to prevent kiving completely, A schematio of the OEDA computer wiring

80t up s shown on figure 11, Bxanmples of the solutions obirinsd are shown
on figure 12, From thesa snlutions the maximum kiting sngles, and the
anpular velocities ut pround contact were noted, Then the vertioal and
Transverse componants of oontact velocity weres oaleulated by the expressions

sd Uy e b Y o (48)

then plotted ve the applied anti-kiting moment for wind speeds of 0, 20, 40,
60, and 80 knots and for equivalent sudden wind shifts of 0, 30, 60, 90, 120,
150, and 180 desrees ws shovm on fizures 13 thru 18, The infivence of any
combination of anti-kiter weight and static heaviness may be determined by
referring to the 2osles provided by summing the antiekiting moments
imposed by each, Nkor the ZPG-JW uirship, the antiskiting moment of the
anti-kiter ia 344 times the antiekiter weight (AXM = 0P » 344P), and sbatic
heaviness imposes on anti=kiting moment 185,6 times the static heaviness

Wheo the adrship kites, this antie-kiter is designed suoh that 1t s 1afted
%0 & height which for all practioal purposes is direoctly proportional ¢o
the kiting angle, With reference figures 13 thru 18, 1% is seen that
although this antiekiter does reduce kiting appreciably, the antiekiter
weitht neuvessary %o reduce sontmet velooities to accepuable valuss appears
impracticsl and yeb, unless extremely heavy antie=kiters are employed, when
the airship does kite the antiskiter seems only to accelerate the sairship
%o higher contact velooities than those experienced by an airship moored
in static equilibrium and no anbi«kiter attaoled, uonsequently, the
1ikelihood of dammge due to kibting is inerensed,
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Thia sugpests thet an improvement mipht be renliped by m redesign of the
anti~kiter attachment system suoh that when %he mttuchment 1ines support
the entire weipht of the anti-kiter, instesd of lif'ting it up, cable is
realad cut suff'icient to hold it just in contact with the pround until the
maximum kiting angle is reached, Then the unit rests on the ground and
cable is resled in st redused tension,

To atudy the influence of this redesign of the anti=kiter attachment system,
the UEDA eleatris analogue computor was rewired %o inolude a oirouit whish
sutomationlly switched the anti<kiter weight effect to zerowhen the angular
kiting velocity besame nepative and restored it when the kiting veloolty
became positive, Then sclutions were made for the ZPJ«3W alirship for the
same oombinations of wind dpeed, step function inpub wind shifis, and anti=
kiting momentq4, Bxamples of the solutions obtained wre shown on figures 19,
The maximum kiting angles and the vertical and tranaverss components of
contact velooity are pletted on figures 20 thru 25, With reference to these
fijures, it is seen that by a redesizn of the antiekiter attachment system, us
Just deaoribed,contaut velocities are reduced appreciably at all wind speeds
up to and i.no.l.udi.ng the decipn limit wind speed for maat mooring with practieal
snti=kiter weightes, Thuy the likelihood of kitins dumupe is deorensed
appreciably, ‘

These results were applied to the 2P0«2 type w1, e . uomparing the
equations of motion for the ZP(=2 typs airship with the equationa of motion
for the ZPU=W,

By substltutin, -+ maes and jeometrio characteristios of the ZPU-2 type
adrahip into s:inuiono 6 and 7 we havey

Cug W \ry.d L vt .
*(éL-T’.} V)“(z ¥) + o ?w ° (46)

and "é."' é —-L—ac" U‘) ";" -2 o 0 (7]
‘*av"'”l ("w"‘ (“’m*‘ () é:;;hm °
and for the ZPG-I type uirship we have,

e b e
and =8 é::f; “é +(§ﬁ):(%’;5&(2-*)-@:&,‘)‘;0 (49)
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For similar kiting und weathervaning motions for both the ZPUs2 and ZPG=JW
airships, tha coafliocients of these differentialimust be cqual), Compuring
| oquation (46) with (48) and (A7) with (49), wnd assuring the mass and aero-
i dynumic voelCiclente are the sume for both uirship types we have

L
_(?_"iw_l therefore '!.M-‘ (iﬂ.)% v 872 (50)

(-‘&a)” Vaw ¥y
= ,

LT D ‘ ) % o
(j‘[;; w1 rroka %:E.M‘)’w ‘(h% L] (ﬁﬂ-)(.&?ﬂ) ’,,583(1%) (51)

<

N Py Vav/ \Caw I g
&wﬂ)-‘“ - Vi, RYTAP /—V:'!'.!L
ane { Wan)yw jea(U’w)(bu) '788\0‘"4) (53)

The vartloal and trannverse conturl veloaitien may be expresued as j

Wy bV impast *M 0 W b6 impact, Therefore;

U Lh b s 159 .
(i -t - oo

Ther +fore, the results sf the foregoing unalysis of the rest nmoored IPC«J
airship as plotted on figures 13 thru 25 wers applied to the ZPG.2 type
airship by
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1, inorsssing the wind aspesd by & fuator of 1,15

2, deorsasine the unti-kltins momen% scale by & factor of 583
3, deoremaing the anti-kiter weight voale by & factor 692

4, deoreasing the atatic heaviness sonle by a f{aotor of ,728
5, decreasing the vontavt velooities by & faoter of 802

The results of these trensformations are shown on figures 25 thru 37,
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Conclusions and Recommendntions

Based on watar model test dutn, the werodynamin and nerodynamic dJdamping
charaotardatios of & kiting wirship were determinad, Than, hy suhatitmhing
theae ooafficienta nlonpg with the appropriste meas and geometric aharacte
oristics into the penoralizod oyuutions of motion, equutione sufficlently
acourate to denoribs the anguler responee of & maat moored airship for
selsoted kiting conditions wers entablished,

Then, us & reasult of a ntudy of the motions of & mastod sirship aubjoated

to sudden wind shifts and configured with an anta.kiting weight fixed %o

the alrahip stern or btallasted at the oar, it is conoluded that although

an antlskiting device whish in lifted to n heipght proportional to the

kiting Rngle dosa reduce kiting appraciasbly, onee a kiting pouk is reached,
the anti~kiter weipght or car ballast serves only to acoelernte the uirsip
to higher contuut velooities with the ;round ss shown on figures 13 thru 18
and 26 thru 31, Thus, the likelilhood of dumnpe dus to kiting it increased,
Au the antiekiter welght necesssry to reduce contact velocities to auouptuble
values are large and impructical this Jesign ounnot be recomuended,
Furthermors, it is recommended thrt the aipsnlp be moorad in statio equilie
brium, 1% 49 recemmended almo aa & reans of further redusing the possibilities
of kiting damage that the alevutors be controlled wiwther an wnbti-kiting
weight im used or not,

llowever, ms a result of further study, the results of whioi are plotted

on [igures 20 thru 20 and 32 thru 37, it is vonoluded that n ocnsidorable
irprovement niy be realised by u redesipgn of the antiskiter attachment system
suoh that when the mttachment cables nearly suppert the entire weipsht of

the anllelklting unit, instemd of lifting it, ceble 43 reeled out suffiolent
to hold the unit juat in contect with the ground until & muximam kiting anele
is reached, Then the unit rests on the pround and oable is roeled in at
reduned tension, An antiskiting device ilncorporating this atimohment systenm
desipn ie recommended ag a practicel snd an effective means of reducing the
likelihood of damape due to kiting,
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